Urban Air Mobility vehicles are intended to operate near or within large cities, where a significant portion of the public will be exposed to the noise they create. If these vehicles are to become acceptable to the public, designers must be able to manage the amount of noise they generate, and understand the relationship between traditional performance metrics (thrust, efficiency, etc.) and noise. As a first step to addressing this need, this work combines a blade element momentum theory tool (OpenBEMT) with an acoustic prediction tool (ANOPP2) to optimize a propeller subject to both aerodynamic and acoustic constraints. These tools are developed within a optimization framework (OpenMDAO) that allows analytic derivatives to be propagated through the models and passed to a gradient-based optimizer. This toolchain is exercised on the cruise propellers from the X-57 Maxwell, and yields propeller designs that reduced the overall sound pressure level by about 5 dB for a cost of 1% propeller efficiency. 
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I. Introduction
Recently, the Urban Air Mobility (UAM) concept has become a popular research topic in the aerospace community. In this concept, small, likely electric-powered vehicles will be used to move people and goods within or near large cities. If such an idea is to gain any traction, the noise produced by these vehicles must be acceptable to the public, and engineers must have access to design tools that allow them to trade e.g. aerodynamic performance for noise.
A number of examples of propeller optimization with acoustic constraints can be found in the literature. Miller and Sullivan [1] combined a vortex lattice aerodynamic model with a subsonic point source acoustic model to optimize propeller twist, chord, and sweep distributions for both noise and performance. Gur and Rosen [2] combined aerodynamic, structural, and acoustic models while analysing and optimizing a propeller for a small, electric-powered UAV, and later [3] incorporated additional components of the vehicle (engine, gear box, etc.). Pagano et al. [4, 5] performed an impressive optimization of a propeller in a pusher configuration through the coupling of a computational fluid dynamics and computational structural dynamics code. The design variables in this work included not only the shape of the blade, but also the position of the engine exhaust ducts, as the non-uniform flow created by the ducts influences the propeller performance and noise. Finally, Wisniewski et al. [6] used blade element momentum theory and the National Renewable Energy Laboratory's NAFNOISE code to optimize small propellers intended for hand-launched unmanned aircraft.
In this work, two existing tools, OpenBEMT and ANOPP2 [7] , are combined to study the relationship between the aerodynamic performance and acoustics of the cruise propeller from the X-57 Maxwell vehicle. These two tools are tied together using OpenMDAO [8] , an open-source multidisciplinary design, analysis, and optimization framework. This work represents a first step towards performing a comprehensive optimization study of an urban air mobility vehicle that will include additional disciplines (trajectory, power generation, aerodynamics, etc.). The ultimate goal of this effort is to provide the tools necessary for the larger UAM vehicle optimization to include a constraint on a noise metric over the entire trajectory. This will require including the optimization presented here at each vehicle trajectory point, propagating the noise to an observer on the ground, and aggregating the observed noise through the evaluation of an appropriate acoustic metric. Isolating and implementing the propeller performance and noise prediction components of that process is the focus here.
II. Propeller Model

A. Aerodynamics
The propeller aerodynamics are predicted here using blade element momentum theory (BEMT). BEMT begins by dividing the blade spanwise into a finite number of radial stations, or "blade elements." Each blade element is treated as an independent airfoil with associated lift and drag curves. A control volume is then formed that encloses the propeller and the flow far upstream and downstream. By applying a momentum balance to this control volume, and including the interaction between the fluid and blade elements, the velocity induced by the propeller in the axial and circumferential directions can be predicted. The induced velocities can then be used to calculate desired propeller performance metrics, such as the necessary input power, the net torque and thrust, and propeller efficiency.
The BEMT implementation used here is OpenBEMT, first described by Hwang and Ning [9] . In OpenBEMT, information from an airfoil database (www.airfoiltools.com) is extended past stall using the Viterna method [10] and minimal-energy tensor-product splines as implemented in the Surrogate Modeling Toolbox [11] . The code also uses a modification to traditional BEMT that reduces the method to the solution of a single implicit equation [12] . OpenBEMT uses the OpenMDAO framework [8] to propagate both the outputs and their derivatives through each stage of the BEMT process. OpenMDAO then aggregates the derivative information and passes it to an optimizer, using it in the gradient-based optimization process. OpenBEMT can be used as a stand-alone propeller design tool, giving an optimized propeller design subject to constraints specified by the user. Here, it is used to predict the load distribution on the propeller blades, which is an input to the noise prediction method, described below.
Blade element momentum theory assumes that there is no interaction between radial stations, and is thus not suitable for blades with significant spanwise flow. The propeller blades considered in this work are unswept and rather slender, making BEMT an appropriate choice. The particular form of blade element momentum theory currently implemented in OpenBEMT assumes steady, level flight with the propeller shaft axis aligned with the incoming flow. This implies that the loads predicted by OpenBEMT will be steady, i.e., they will not be a function of azimuthal position or time. As discussed in the next section, this limits the acoustic sources that can be captured by the noise prediction code to so-called "steady" sources. Fortunately, steady propeller noise sources are expected to be the most significant for the configuration considered in this work [13] .
B. Acoustics
The noise radiated by the propeller is predicted using an acoustic analogy, specifically Farrasat's 1A formulation [14, 15] of the Ffowcs-Williams Hawking (FWH) approach [16] . Like all acoustic analogies, the FWH method begins with the Navier-Stokes equations, and algebraically manipulates them into a propagation term and one or more source terms. In the case of the FWH equation, the propagation term is the unsteady wave equation for acoustic pressure, and three source terms are identified: the monopole, dipole, and quadrupole terms. The FWH equation is solved using generalized functions and the free-space Green's function for the wave equation, which require the evaluation of a surface integral of the monopole and dipole terms, and a volume integral of the quadrupole term. In propeller and rotor acoustic analysis, the integration surface is often taken as the blade surface, and the volume integral associated with the quadrupole term is ignored. Farrasat's F1A formulation, the form of the FWH approach used here, is algebraically equivalent to the original FWH method, but switches the order of the surface integral and a temporal derivative, which is numerically beneficial.
A compact version Farrasat's 1A formulation of the FWH is used in this work: the integration surface (here, the propeller blade) usually associated with the method is replaced with a radial lifting line on which the net aerodynamic forces at each radial station act. The compact form of the F1A equation assumes that the original integration surface is elongated and that the acoustic observer distance is much larger than the characteristic thickness of the blade-both of these criteria are likely to be satisfied by urban air mobility concept vehicles. Besides reducing the computation cost of the non-compact F1A method, the inputs needed for the compact F1A calculation directly correspond to the outputs provided by blade element momentum theory.
The details of the compact F1A method used here are described by Lopes [17] . Briefly, the solution for the monopole term is 4π
and, for the dipole term,
The factors A 1A , B 1A , C 1A , D 1A , and E 1A are functions of the motion of the lifting line, and do not depend on the local loading F i or cross-sectional area Λ. The ret subscript indicates the bracketed quantities are evaluated at the retarded time, and the dots indicate a derivative with respect to the retarded time.
In this work, the blade cross-sectional area and the magnitude of the loads acting on the propeller blades are only a function of the radial distance along the blade-they do not vary in time, or with the propeller rotation. This simplifies the F1A equation considerably, and gives, for the monopole term (1),
where
and
Equation (3) shows, for the assumptions used in this work, the simple relationship between the blade cross-sectional area Λ and the acoustic pressure: an increase in cross-sectional area will increase p m , especially in regions of high blade velocity. For the dipole term in equation (2), assuming constant loading gives
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Similar to the monopole term, equation (6) shows a simple relationship between the loading F i and the predicted acoustic pressure p d : at a given radial station, the magnitude of p d will increase with increasing load, especially in regions where the blade is moving quickly. The compact F1A technique is implemented in ANOPP2 [7] , NASA Langley's second generation Advanced Noise Prediction Program. ANOPP2's compact F1A includes the derivatives of the F1A output (the time history of acoustic pressure) with respect to the flow state along the lifting line, and also derivatives of the acoustic metric routines (e.g., overall sound pressure level) with respect to their inputs. These derivatives are provided to the OpenMDAO framework during the optimization process, which are in turn passed by OpenMDAO to the gradient-based optimization routine.
Because OpenBEMT currently is restricted to assuming constant loading for steady, level flight, there are a number of noise sources that will not be captured by the compact F1A approach taken here. Unsteady sources, such as when the propeller shaft is not aligned with the flow direction or when the inflow velocity is non-uniform, cannot be predicted. Broadband noise, such as that caused by inflow turbulence or a turbulent boundary layer, will also not be present in these predictions. The sources that are accounted for here (the "thickness" and "loading" noise associated with the monopole and dipole terms of the F1A, respectively) are the most significant propeller noise sources for full-scale propellers undergoing steady, level flight [13] , and should be adequately predicted by OpenBEMT and ANOPP2.
C. Optimization Approach
The blade element momentum theory of OpenBEMT and the compact F1A implementation of ANOPP2 are combined into an propeller optimization code with the OpenMDAO [8] framework. OpenMDAO is an open-source Python implementation of the modular analysis and unified derivatives [18] (MAUD) approach to multidisciplinary design, analysis, and optimization (MDAO). OpenMDAO allows the application developer to express an analysis as a connected series of components, where each component uses inputs to calculate not only the outputs, but also the derivatives of the outputs with respect to the inputs. It then assembles these partial derivatives together into a total derivative, i.e., the derivative of the problem objective and constraints with respect to the design variables. These total derivatives are passed by OpenBEMT to a gradient-based optimizer to find the solution to the optimization problem. The OpenMDAO framework is used here to couple together the OpenBEMT and ANOPP2 codes, and the pyOptSparse Python package is used to call SNOPT [19] , a sparse nonlinear optimizer.
A simplified Extended Design Structure Matrix showing the relationship between OpenBEMT and ANOPP2 is found in Figure 1 . The i subscripts indicate a variable that varies along the blade length, and the * superscripts indicate the final optimized values returned by the optimizer. OpenBEMT takes information describing the shape and motion of the propeller and calculates aerodynamic performance metrics such as thrust and efficiency. It also returns the ì f i , the propeller loading in a coordinate system attached to the blade, and Y i , the blade element locations in the same coordinate system. ANOPP2 uses this information to calculate the acoustic pressure experienced by an observer located at ì x, and then calculates an acoustic metric-here, the overall sound pressure level (OASPL).
The XDSM for the ANOPP2 block in Figure 1 is expanded in Figure 2 . Two preprocessing components, "Blade Geometry" and "Blade Loads," calculate the motion and loading of each blade, along with the cross-sectional area of each blade element, necessary for the monopole term in (3). The modular structure of ANOPP2 makes the acoustic analysis quite flexible-for example, the compact F1A component could be replaced with a non-compact version if the loading distribution in the chordwise and thickness directions was available from, say, a computational fluid dynamics calculation. The OASPL calculation could also be replaced with any of the many other acoustic metrics available in ANOPP2.
Currently, ANOPP2 provides derivatives of the outputs of each component shown in Figure 2 with respect to all inputs, with the exception of ω, the rotational rate of the propeller. For this work, these derivatives were computed using a module external to the ANOPP2 library, which allowed ω to be used as a design variable during the optimization.
III. Discussion of Results
Settings for the propeller optimization case presented in this work were taken from the X-57 cruise propellers in Hwang and Ning's recent paper [9] . The X-57 geometric parameters are summarized in Table 1 .
A. Optimization Case 1
The parameters for the first optimization case are presented in Table 2 . For this case, the objective was to maximize propeller efficiency, subject to a total thrust constraint of 700 N and a change in sideline overall sound pressure level (10) measured 10 meters from the propeller hub that ranged from 0 to -1 dB. This OASPL value is referenced to the optimization with no noise constraint. Figures 3a and 3b show the chord and twist of the blade, respectively, for the range of OASPL constraints considered, along with the results for the OASPL unconstrained. (The x-axis is the location of each blade element's center point, so the distribution does not quite extend to the hub and tip radius values of 15 and 75 centimeters.) As the OASPL constraint is decreased, both the chord and twist distribution is gradually shifted inward, toward the hub of the propeller. The chord distributions for ∆OASPL constraints of -0.9 and -1.0 ∆dB appear to bottom out at the lower limit of 1 cm at the blade tip. As explained in Section II.B, a radial station's contribution to the thickness noise is a function of the cross-sectional area at that station, which in this work is determined by the chord. Reducing the chord at the blade tip, where the velocity is the highest, will significantly reduce the thickness noise. Likewise, since a radial station's loading is directly related to the blade twist, the movement of twist from tip to hub reduces loading noise.
Figures 4a and 4b show loading in the axial and circumferential directions along the blade, respectively. The changes in the blade geometry shown in Figures 3a and 3b have shifted the axial load from the blade tip to the midsection for the OASPL-constrained cases. A similar effect is seen in the circumferential loading distribution, where most of the OASPL-constrained blades see a sharp increase in the circumferential load midspan, and a significant reduction near the blade tip. Since the loading noise is directly proportional to the load on the blades, and is strongest where the loads move quickly, this shift in loading from tip to midspan has the effect of decreasing the loading noise term in the F1A Table 3 Parameters for optimization test case 2. As in case 1, the OASPL value is referenced to the optimization with no noise constraint, and was systematically decreased from 0 to form a Pareto frontier.
calculation. Figure 5 shows the relationship between the value of the OASPL constraint and the efficiency objective. Overall, an OASPL reduction of approximately 1 ∆dB is achieved for a 4% drop in propeller efficiency. Interestingly, the points for OASPL of 0.9 and 1.0 ∆dB (and the optimizations that ran up against the lower chord limit at the blade tip) don't quite follow the trend of the rest of the curve.
B. Optimization Case 2
The second optimization case considered in this work is identical to the first except for the addition of two design variables: the propeller diameter and rotational rate (see Table 3 ). As shown in Table 3 , the propeller diameter design variable had an upper bound of 225 cm. Since no structural model is included in this work, the optimizer chose the diameter upper bound for each run, regardless of the value of the OASPL constraint. Essentially, the upper limit of the propeller diameter design variable acted as a constraint. As might be expected, this larger diameter propeller is considerably more efficient than the original: OpenBEMT predicts 99.0% efficiency for the optimization without the acoustic constraint, compared to 95.2% for case 1. Figure 6 shows the propeller rotational rate design variable as a function of the OASPL constraint. The rotational rate is reduced in a nearly linear fashion as the noise constraint is tightened. This will obviously lower the speed of the entire blade, reducing the R(n, m) terms in the compact F1A equations and thus the noise.
The chord and twist distributions for case 2 are shown in Figure 7 . Both distributions differ considerably from the previous case. Comparing these results to the corresponding plots for case 1 in Figure 3 shows how the optimizer has taken a different strategy for case 2: rather than shifting the chord and twist inward to the slower-moving region of the blade, it chooses to slow the entire propeller by reducing the rotational rate, while simultaneously increasing both the chord and twist to maintain thrust. The effect of this strategy on the blade loading is shown in Figure 8 . Again, these results are quite unlike case 1. By increasing the chord and twist as the rotational rate is reduced, the optimizer is able to maintain nearly the same axial load along the blade as the noise constraint is tightened. This comes at the cost of increasing the circumferential load, which reduces the propeller's efficiency. Figure 9 plots the propeller efficiency as a function of the OASPL constraint value. The cost of lowering the propeller's noise is considerably reduced compared to case 1: an OASPL of -5 ∆dB requires only a 1% reduction in propeller efficiency. Figure 10 shows the same data compared with an identical optimization, but with the propeller diameter upper limit increased from 2.25 meters to 3. Increasing this limit has the effect of shifting the Pareto front in the direction of higher efficiency.
IV. Conclusions
In this work, a propeller performance code and a noise prediction code were combined within a MDAO framework to analyze and optimize a propeller design for performance, subject to a noise constraint. The objective of the optimization case was to maximize propeller efficiency, subject to a thrust equality constraint and a range of overall sound pressure levels (OASPL). The design variables were the chord and pitch distributions along each blade, and, for the second case, the diameter and rotational rate of the propeller. For the second optimization case considered, OASPL reductions of about 5 dB relative to the baseline case were achieved, at the cost of about a 1% reduction in the propeller's efficiency. When the propeller's diameter and rotational rate were fixed, the optimizer achieved noise reductions by shifting the chord and loading along the blade from outboard in, where the blade velocity is lower. When diameter and rotational rate were allowed to vary, the optimizer maximized the diameter value and gradually reduced the rotational rate to meet the tightening OASPL constraint.
The ultimate goal of this effort is to integrate the OpenBEMT/ANOPP2 combination into a larger UAM optimization case, where additional disciplines (trajectory, power generation, vehicle weight, etc.) are included. This will require the OpenBEMT-ANOPP2 toolchain to evaluate the propeller's performance and noise at multiple trajectory points, and record the ANOPP2 acoustic predictions experienced by one or more stationary acoustic observers.
